ABSTRACT CURTISS, RoY, III (University of Chicago, Chicago, Ill., and Oak Ridge National Laboratory, Oak Ridge, Tenn.). Chromosomal aberrations associated with mutations to bacteriophage resistance in Escherichia coli. J. Bacteriol. 89:28-40. 1965.-Ten types of mutants of Escherichia coli K-12 resistant to bacteriophage T3 have been isolated, and several of these types have been studied genetically. Many of the /8,4,7, /8,4, 7,X, and /8,4,7,X, pro, 2 mutants were unstable, changing to complete sensitivity to T4 . The results with strains having /8,4,7,X, prol 2 mutations were compatible with the hypothesis that this mutation caused a single break in the circular chromosome which prevented the normal association in the inheritance of the outside markers leu+ and lac+. When sensitivity to T4 was regained, association in the inheritance of outside markers was restored, and the resulting /S,7, X, prol 2 mutation behaved genetically as a deletion. The /8, 7,X, prol2 and /,4,7, X, prol 2 mutations caused positive interference, inhibition of genetic recombination in regions adjacent to them, and the formation of unstable partial diploid recombinants. One group of /8,4,7, X mutations did not occur in the leu to try region of the bacterial genome. Other /8,4,7,X mutations in Fbacteria prevented the joint inheritance of the outside markers lac+ and gal+, presumably by breakage of the circular chromosome. Hfr and F+ strains with /8,4,7, x mutations at this locus were unable to conjugate; therefore, a complete genetic analysis of the effects of this /8,4,7,X mutation could not be done.
Because Escherichia coli K-12 is sensitive to all the T phages and can be used to study gene transfer by conjugation (Lederberg, 1947) , it was possible to study the genetic properties of phageresistant mutants in this strain of E. coli. The following linkage relationships have been established for phage-resistance mutations: leu-/1,5-lac-/6 (Lederberg, 1947) ; strr-/Xv,mal1F (Lederberg, 1955) ; gal-ura-cysB-anthranilic acid-/1, try- (Weinberg, 1960; Curtiss, unpublished data) ; and strr~-/S-/Xv,mall- (Hayes, 1957; Curtiss, 1962) .
In this communication, further work is reported on phage-resistant mutants in E. coli K-12. A genetic analysis of /3,4,7,Xpro-and /3,4,7,X mutations has been made which indicates that these mutations are chromosomal aberrations. Postzygotic elimination (Nelson and Lederberg, 1954) , positive interference, and inhibition of recombination events have been associated with these aberrations. 1 Present address: Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tenn.
MATERIALS AND METHODS
Media. The following media were used: medium ML, containing NH4C1, 0.5%; NH4NO3, 0.1%; Na2SO4, 0.2%; K2HPO4, 0.9%; KH2PO4, 0.3%; and MgSO4.7H2O, 0.01%; and medium MA, prepared by adding 2X ML to an equal volume of 3.0% melted agar. A carbon source at 0.5% final concentration and desired growth factor supplements were added to ML and MA. The amino acid and vitamin supplements were purchased commerically and were added at optimal concentrations. Streptomycin sulfate was used at a final concentration of 200 ug/ml. Buffered saline contained: NaCl, 0.85%; KH2PO4, 0.03%; and Na2HPO4, 0.06% (when used as a diluent, gelatin was added to a concentration of 100 Ag/ml). EMB agar contained Tryptone (Difco), 0.8%; yeast extract, 0.1%; NaCl, 0.5%; eosin Y, 0.04%; methylene blue, 0.0065%; and agar, 1.3%. Just prior to pouring plates, the desired sugar was added to give a 1.0t% final concentration, and K2HPO4 was -9 -y+ r + + + r + -C600 a The genetic markers are arranged in the order in which they occur on the chromosome. The following abbreviations are used: thr, threonine; leu, leucine; pro, proline; lac, lactose; ade, adenine; gal, galactose; try, tryptophan; str, streptomycin; met, methionine; thi, thiamine; +, ability to synthesize or utilize; -, inability to synthesize or utilize; s, sensitive; and r or /, resistant. Numbers and letters for pro,-, pro2s, lac-, pro37, and galh mutations are isolation designations. The mutation Tlr confers resistance to both T, and T5 . All strains were nonlysogenic for X.
b W945 (Cavalli-Sforza and Jinks, 1956 ) was received from M. L. Morse; 3000 (Pardee, Jacob, and Monod, 1959) , from N. M. Schwartz; and C600 (Appleyard, 1954) , from J. J. Weigle. The omitted intervening steps in each derivation involved penicillin enrichment for ultraviolet-induced auxotrophic mutations, spontaneous selection of mutations to phage and streptomycin resistance, spontaneous reversions to prototrophy or ability to ferment, or a combination of these.
Strain X80 is /3,4,7,X,pro0,2 (0,4rprol,2).
d Strain X137 is /3,7, X,proI,2 (4rprol.2).
agar slants at 4 C, and were transferred at 2-month intervals.
Bacteriophages. The seven T phages (Demerec and Fano, 1945) were grown on E. coli B. The growth of T3 and T7 on E. coli B was essential, since host-range mutants for /3 and /7 mutants of E. coli K-12 made up 1 to 10% of the phage population in lysates repeatedly grown on E. coli K-12. Phages X++ (Kaiser, 1955) and Xv (Lederberg and Lederberg, 1953) were grown on C600. Plkc (Lennox, 1955) and R17 (Paranchych and Graham, 1962) were grown on x57 or xl01. All phage lysates were stored over chloroform at 4 C. The techniques used for phage experiments were described in the references cited above and by Adams (1959) .
Isolation of phage-resistant mutants. Phageresistant mutants were isolated on Penassay agar containing 0.8% NaCl by the spread-plate technique described by Demerec and Fano (1945) .
Mutants were purified from phage by three serial single-colony isolations or by growing in the presence of diluted antiphage serum, or by both methods.
Mating procedure. Bacteria were grown to log phase either in L broth or in appropriately supplemented ML at 37 C with aeration. ML-grown cultures were sedimented and resuspended in a minimal mating medium (pH 6.3) as described by Fisher (1957) . Matings were performed at 37 C in a stationary 250-ml Erlenmeyer flask containing a total volume of 10 ml. F-bacteria were at a titer of 3 X 108 to 4 X 108 per milliliter, and were always at a 10-fold or greater excess in crosses with Hfr donors.
Interruption of mating was accomplished by a modification of the procedure described by Hayes (1957) . Samples from the mating mixture were diluted into ultraviolet-irradiated T6, and then unadsorbed Ts was neutralized with T6 antiserum. Violent agitation with a Vortex Junior mixer was sometimes used prior to T6 treatment.
Recombination percentages were calculated by dividing the recombinant titer X 100 by the titer of the donor strain in the mating mixture at the beginning of the experiment. Recombinant titers in crosses with phage-resistant mutants were based on the percentage of prototroph colonies which contained haploid recombinants exclusively (see discussion of Fig. 1 ). After purification of recombinants, unselected nutritional and fermentation characters were scored by replica plating (Lederberg and Lederberg, 1952) . Phage resistance was scored by streaking recombinant cultures against phage on EMB containing 0.1% glucose (Zinder, 1958) , since even small amounts of lysis could be detected by the red discoloration at the juncture of the phage and bacterial streaks. These tests for phage resistance were always read a^ter 6 to 8 hr of incubation at 37 C, because many of the phage-resistant mutants were mucoid and slime production made accurate scoring impossible after overnight incubation. 
RESULTS
Types of phage-resistant mutants. Table 2 lists the types of mutants obtained by selection with T3 in E. coli K-12. By contrast, in E. coli B resistance to T3 and T4 are inseparable, so that, if resistance to X is ignored, the types /3, /3,7, and /3,7, pro-do not occur. All of the /3 and /3,X mutants had a rough colony type identical to the parental sensitive strain. The mutants in the other classes gave a continuum of colony morphologies from rough to very mucoid. In general, the types showing resistance to T4 were more mucoid than those not having resistance to T4.
In fluctuation tests (Luria and Delbrutck, 1943) on the origin of mutants resistant to T3, large fluctuations were observed, indicating that the mutants were of spontaneous origin.
Those T3-resistant mutants having resistance to T4 sometimes lost it after several transfers on slants or during selection for other mutations. The /3,4,7, /3,4,7,X, and /3,4,7,X,promutants frequently changed to /3,7, /3,7, X, and /3,7, X,pro-, respectively. Most of the phage-resistant prolineless mutants were originally isolated as /3,4,7, X,pro-and, although they were usually stable during repeated transfers, they invariably changed to /3,7, X,prowhen any other forward mutation was isolated, whether it was -a-mutation to. drug5.,phage, or analogue resistance or a mutation to auxotrophy. Very infrequently, restoration of T4 sensitivity accompanied revision of auxotrophic mutations to prototrophy. No proline-independent revertants were detected in reversion studies with 11 /3, 7,X, pro-and /, 4, 7,X, pro-mutants. All of the phage-resistant mutants used in the experiments reported in the following sections were resistant to T3, T7, and X. To simplify the presentation of these results, the symbol q5r will be used to indicate joint resistance to T3, T7, and X (see Table 2 ). Time of entry for Hfr H genetic markers. For a comparison with data presented below, the linkage relationships of the genetic markers employed in this research are presented in Table 3 . Hfr donor bacteria transfer their chromosome to F-recipient bacteria in an oriented sequential order. The time when a given Hfr marker is first transferred to F-cells is the time of entry for that marker. The data in Table 3 are for the Hayes Hfr strain. The Cavalli Hfr strain, which transfers its chromosome in the order ade3 T6 lac leu ... , has also beea used. The distances between markers were essentially the same as found for Hfr H.
E. coli K-12 has three pro loci, called pro1, pro2 , and pro3. The lac-pro3 region can be cotransduced (Schwartz, 1963; Markovitz, 1964;  Table 3 ). It was impossible to determine a between the ade3 and gal loci. In the other four F-strains, the 4,4r mutations were unlinked to the leu to try region. The results with 4,4r mutations linked between the lac and gal loci indicated that these mutations were associated with chromosome aberrations. This aberration could be a transposition, an inversion, or a single break in the circular chromosome making it linear. In each case, one of the breaks associated with the aberration would have to be between the lac and gal loci.
A cross between Hfr H and a 4),4rpro,2 mutant of X148 demonstrated that the ), 4rproi12 mutation disrupted the normal association in the inheritance of the Hfr H leu+ and lac+ markers (Table 5 ). Since only those recombinants which had inherited both leu+ and lac+ had also received the Hfr H 4,4 4pro+.2 allele, it can be concluded that the 04 rproli2 locus is between the leu and lac loci. Similar results were obtained with two other independently isolated F-04 rpro419 2 mutants. In each case, the results indicated that the 4,4rproi:2 mutations were associated with some type of chromosomal aberration between the leu and lac loci.
Genetic recombination with an F-strain having a 4)proli 2mutation. Before analyzing the data on genetic recombination from a cross between Hfr H and a F-4)rprol 2 mutant, it will be helpful to discuss the results of a control cross, presented in Table 6 . In this cross between Hfr H and X278, pro2+ strr recombinants were selected, purified, and then tested for recombination on either side of the pro2 locus by scoring for four unselected markers. In Table 6A , the frequency of recombination per region is calculated. By comparing the per cent recombination per region in the leu to T6 segment with the per cent distance per region in the same interval, it is evident that the amount of recombination in any region was approximately proportional to the length of that region, with the exception of region 4. In another control cross between Hfr H and X188, in which pro,+ strr recombinants were selected, the amount of recombination in any region was directly proportional to the length of that region as determined by Hfr H time of entry experiments. In this cross, there was 16% recombination between leu and T1 for a distance of 17.5%; 32% recombination between T, and pro, for a distance of 38.5%; 13% recombination between pro, and lac for a distance of 11%; 19% recombination between lac and T6 for a distance of 15%; and 20% recombination between T6 and ade3 for a distance of 18%. In Table 6B , the double recombinants were analyzed by the method of Maccacaro and Hayes (1961) to determine the type of interference present. Two recombination events are required to incorporate any Hfr H marker into recombinants in E. coli K-12. The data analyzed by Maccacaro and Hayes (1961) indicated that, once the first recombination event occurred, the second recombination event occurred more often in regions proximal than in regions distal to the region in which the first recombination event occurred. The analysis in Table 6B indicates that when recombination occurred in region 4, the ratio of recombination in region 3 to that in regions 1 + 2 + 3 was 0.89. When recombination occurred in region 6, the ratio of recombination in region 3 to that in regions 1 + 2 + 3 was only 0.22. Thus, recombination in region 3 was associated more often with recombination in the proximal region 4 than with recombination in the distal region 6. Similarly, the ratio of recombination in region 4 to that in regions 4 + 5 + 6 was 20 times higher when recombination occurred in region 3 (0.60) than when recombination occurred in region 1 (0.03). These results, indicating that there is negative interference in E. coli K-12, are in complete accord with those of Maccacaro and Hayes (1961) . Table 7 contains an analysis of ckproT+2 strr recombinants from a cross between Hfr H and x137. In this cross, there was 70% association in the inheritance of the leu+ and lac+ Hfr markers. This contrasts with the almost complete absence of leu+ lac+ recombinants in the cross between Hfr H and the 4,4rproT,2 mutant of X148 (see Table 5 ). The parental strain, from which X137 was derived, was completely resistant to T4.
The change to T4 sensitivity occurred concomitantly with the selection of a strr mutation. T4
had an efficiency of plating of 0.5 on x137.
The analysis in Table 7A (Table 6A) , whereas in the X137 cross 71 % of the recombination events occurred in regions 1 and 6 (Table 7A) . Strains X278 and X137 were both derived from the same F-strain (Table 1) ; therefore, the observed differences can be ascribed to differences between the pro2-point mutation in X278 and the o)rpro-12 deletion mutation in X137.
The analysis of the q5sprot,2 strr recombinants demonstrates that the q5rprol-.2 mutation has caused strong positive interference (Table 7B) . Thus, when recombination occurred in the proximal region 5, the ratio of recombination in region 3 to that in regions 1 + 2 + 3 (0.05) was much lower than this same ratio when recombination occurred in the distal region 6 (0.17). Likewise, the ratio of recombination in regions 4 and 5 to that in regions 4 + 5 + 6 was least when recombination occurred in the proximal region 3 (0.07) and greatest when recombination occurred in the distal region 1 (0.22). This positive interference found with x137 with its orproi,2 mutation sharply contrasts with the negative interference observed with X278, which has a pro2-point mutation (Table 6B ).
All the crosses in this section were also done with the Cavalli Hfr with essentially the same results. Thus, the observations cannot be ascribed to the polarity of chromosome transfer by Hfr H, since the Cavalli Hfr transfers the same chromosomal segment in the opposite direction.
To summarize this section, it can be stated that the pleiotropic mutation, o)rproL-, causes no disruption in the joint inheritance of outside markers as does the 4,4rprO,2 mutation. The ,orproi-2 mutation behaves like a deletion, since it does not revert and no pro+ recombinants are obtained in crosses with prol-or proi-donors. This mutation causes positive interference and also interferes with recombination in regions adjacent to it.
Effect of ), 4r and ), 4rpro-2 mutations in Hfr and F+ bacteria. All 4, 4r and 4,4rpros.2 mutants were independently isolated from various Hfr and F+ strains and had 4,4r and 4), 4rpro-,2 mutations which were of independent origin from those in F-strains cited in previous sections. Two-thirds of the F+ 4, 4r mutants isolated failed to yield recombinants in crosses with F-bacteria (Table 8) . A similar result was observed for Hfr 4) 4r mutants. Two Hfr 4X, 4 mutants which failed to yield recombinants were mixed with Fbacteria and observed by phase-contrast microscopy to detect conjugating pairs (Lederberg, 1956) . No conjugating pairs were seen. All of the recently isolated F+ and Hfr 044r mutants which failed to yield recombinants have been tested for sensitivity to the donor specific ribonucleic acid (RNA) phage R17 (Paranchych and Graham, 1962) (Table 8) .
Inheritance of the 4, 4rpro-1,2 marker from F+ donors. Table 9 presents data from two crosses employing F+ 0),4rpro,o2 mutant donors. In cross A, the 4,4rpro0,2 F+ marker was inherited by 59.5%70 of the thr+ leu+ recombinants. The 4, 4rpro-12 and lac+ markers from the F+ donor were associated 6 % of the time among those recombinants which had inherited the 04)4rproi,2 marker (3/47). Normally, the pro2 and lac loci were linked (see Table 6 ).
Cross B (Table 9) Orpro012 was responsible for the restoration of the normal association in the inheritance of the outside markers leu+ and lac+. The data in Table  9 are in complete accord with the results obtained with an F-4,4rproL2 mutant (Table 5) and with an F rrpro7,2 mutant (Table 7) . mutants. The F-strain employed in the crosses with Hfr H and the Hfr H 0,4rproi-2 mutant had a prO3-mutation which was closely linked to the q5rproL2 locus (see Table 3 ). Therefore, pro+ recombinants in the cross with the Hfr H gb, 4rpro-,2 mutant should have been infrequent.
There are two explanations for the high yield of pro+ recombinants. The first explanation is that, after chromosome transfer, the transferred partial chromosome is not immediately integrated to form haploid recombinants but persists as a replicating exogenote. This replicating exogenote could then be lost or integrated at a later cell division. The per cent pro+ recombinants in Fig. lb is based on plate counts. The pro+ colonies varied in size from very small to large. The analysis of pro+ colonies obtained from platings after 60 min of mating indicated that only 10 % contained haploid recombinants exclusively. All of these were large-colony types. Resuspending entire small colonies and then plating on prolinedeficient media resulted in the formation of several to 1 million pro+ colonies per original colony. The sizes of these colonies also showed great variation. Large-colony types, each containing haploid recombinants of one genotype, were sometimes observed among the descendants from one small-colony type. However, different haploid recombinant genotypes were frequently obtained from one original small-colony type. This result is reminiscent of the repeated recombination events observed by Anderson (1958) in his study on cell pedigrees of exconjugants in E. coli K-12.
When the small-colony types were resuspended The formation of unstable partial diploids with the eventual loss of the transferred exogenote by integration or exclusion is an example of postzygotic elimination (Nelson and Lederberg, 1954) . This phenomenon was observed in all the crosses with 6prpro-ro2, and OX4r mutants.
Therefore, in all crosses with phage-resistant mutants reported in preceding sectionss, recombinants were purified by picking into buffered saline and then restreaked on the original selective media. The procedure employed eliminated all but haploid recombinants and stable partial diploid strains which were sometimes obtained (Curtiss, 1964b) . In this manner, it was possible to reisolate all the recombinants picked from the Hfr H X X212 cross (Fig. la) . In the Hfr H ,4rpro0,2 X X212 mating (Fig. lb) only 72% of the leu+, 66% of the lace, and 74% of the ade3+ colonies could be reisolated upon restreaking.
The second explanation for the high number of pro+ reoombinants in the Hfr 0,4rpr6f,2 cross (Fig. lb) accounts for almost all of the stable pros+ haploid recombinants (10% of the total pro+ colonies). Of 99 pro,,+ haploid recombinants analyzed, all were 0,4$prot, and 95 were lac+.
Since the distance between the 0,4rprol,2 and lac loci is only twice that between the lac and Pro3 loci (Table 3) , the amount of recombination between the q%4'pro1,2 and lac loci was much higher than would have been predicted.
The lac+ strr recombts from the Hfr H *,4rpror,2 X X212 mating (Fig. lb) are analyzed in Table 10 . The summary presented in Table 1OA demonstrates that the *), 4pro,°2 marker has caused a significant reduction in recombination in regions 3, 5, and 6, whereas there was a 10-fold excess in recombination in region 4. The analysis in Table lOB aThe lac+ strr recombinants analyzed were taken from platings after 60 min of mating (see Fig. 1 ).
b Distance between markers based on time of entry data for Hfr H (see Table 3 ).
* bination event. The lack of interference noted in this cross contrasts with the negative interference observed in the control mating between Hfr H and x278 (Table 6 ) and the positive interference obtained in the cross with the O'proj,, mutant, x137 (Table 7) . The 10-fold excess in recombina-tion events between the p,4rproi,2 and lac loci (region 4) might have prevented the detection of the expected positive interference in this cross. DISCUSSION Some 4, 4r mutations in F-bacteria caused 4,ighficaIii decreases in the joint inheritance of the Hfr H lac+ and gal+ markers (Table 4) . It was thus suggested that these 4,,4r mutations were associated with some type of chromosome aberration. This aberration could be a transposition, an inversion, or a single break in the circular chromosunie, making it linear. The finding that donor strains with 4,4r mutations (presumably linked between the lac and gal loci) were unable to conjugate (Table 8) made it impossible to clearly differentiate between these alternative hypotheses.
All F-,)4rpro-. mutations tested caused a decrease in the joint inheritance of the Hfr H leu+ and lac+ markers (Table 5) . When the 4, 4rpro-2 mutation was in F+ donors, it also effectively prevented the joint inheritance of the F+ leu+ and lac+ markers (Table 9 ). However, the spontaneous change from 0,4rproL2 to 4,rpro-2 restored linked inheritance of the leu+ and lac+ markers (Tables 7 and 9 ). The simplest way to explain these data with F+ and F-4,, 4rpro-2 and 0rpro_,2 mutants is to postulate that the original 04 rpro 2 mutation caused a single break in the circular chromosome, making it linear, and that restoration of the circular chromosome was accompanied by a return of T4 sensitivity. It is difficult to construct a model for restoration of the original linkage if inversions or transpositions are involved. Furthermore, one of the two break points would have to be outside of the leu to try region, and in one experiment with an F-,, 4rprol2 mutant the inheritance and linkage of markers in other regions of the chromosome was normal.
This model of a single break in the circular chromosome caused by 4,, rprot 2 mutations readily explains the almost complete absence of leu+ lac+ recombinants in the crosses with F+ 4,4rprol 2 mutants, since both markers would not be transferred to the same recipient cell.
However, when the 0,4rpro,2 mutation is in the F-parent it might be expected that the transferred Hfr chromosome, which contains linked leu+ and lac+ markers, would restore the circular chromosome and give rise to normal frequencies of leu+ lac+ recombinants. Since this is not observed (Table 5) , it must be concluded that the F-leu and lac loci are physically separated so that the Hfr chromosome segment cannot readily pair with both F-loci.
This model of a single break in the circular chromosome caused by 4,4rprol 2 mutations further postulates that the circular chromosome is reformed upon return of T4 sensitivity. To explain this (fortuitous coincidence?), it i ist be assumed that the original mutation does n -,occur in a gene responsible for some structure i volved in T4 infection. Rather, the break in the -ircular chromosome must interfere with the functioning of a neighboring gene(s) for T4 sensitivity. Restoration of the circular chromosome could then allow the near-normal expression of this gene(s).
Since the o,rproL2 mutation is a deletion (genetically), it is apparent that the original break in the chromosome resulted in a loss of genetic material. Therefore, it is possible that deletion mutations in bacteria arise by a process involving chromosome breakage, loss of genetic material and then rejoining of the free ends.
The data obtained from crosses with F+ (Nagata, 1963) . In contrast, Nagata (1963) 
